Photoinduced electron transfer in metalloproteins. by Ng, King-man. & Chinese University of Hong Kong Graduate School. Division of Physics.




in Partial Fulfillment of the Requirements
for
the Degree of Master of Philosophy
in Physics







1.1 Development of theory 1
1.2 General scope of electron transfer theory 2
1.3 Inter- and intra-molecular electron transfer 5
(A) Intermolecular electron transfer reactions 6
(B) Intramolecular electron transfer reactions 8
1.4 A brief account of the present work 10
Chapter 2 Experimental methods
2.1 Experimental setup 17
2.2 Sample preparation
2.2.1 Cytochrome c 22
2.2.2 Azurin 23
2.2.3. Myoglobin 23




3.1.1 Scheme I: P- Scheme 29
3.1.2 Scheme II P- Scheme 38
3.2 Horse-heart Cytochrome c
3.2.1 Scheme I: P- Scheme 43
3.2.2 Scheme II: P- Scheme 50
3.3 Azurin (Pseudomonas aeruginosa)
3.3.1 Scheme I: P- Scheme 57
3.3.2 Scheme II: P- Scheme 61
3.4 Horse-heart Myoglobin (Aquometmyoglobin)
3.4.1 Scheme I: p- Scheme 65
3.4.2 Scheme II: P- Scheme 69
Chapter 4 Discussion 70
4.1 Ionic strength dependence 72
4.2 Electron transfer rates without electrostatic
effects 74
4.3 AE dependence: A Marcus/Hopfield treatment 76
4.4 Reorganization energy 82
4.5 Maximum electron transfer rates 83
References 87
ACKNOWLEDGEMENT
I would like to express my sincere gratitude to my
supervisiors, Dr. K.C. Cho and Dr. C.L. Choy for their
guidance and encouragement during my work and the preparation
of this thesis.
Thanks are also given to Dr. Che Chi-ming of The Hong
Kong University for his generous supply of the chemical
reagents.
Abstract
The electron transfer between three metalloproteins(
horse-heart cytochrome c, azurin (Pseudomonas aeruginosa)
and horse-heart myoglobin) and several water soluble
porphyrins( ZnTPPS, ZnTPPC and ZnTMPyP, where TPPS is
tetrakis (sulfonatophenyl) porphyrin, TPPC is tetrakis
(carboxyphenyl) porphyrin and TMPyP is tetrakis (N-
methylpyridyl) porphyrin) have been studied by the method
of photoexcitation with the driving force for the reaction
( E) varying from 0.5 eV to 1.4 eV.
Two different redox schemes have been adopted in our
studies. In the first scheme, porphyrin triplet (P) was
generated by laser excitation, and the rates corresponding
to electron transfer from P to the oxidized protein have
been measured. The porphyrin cation radical( P) thus
generated is strongly oxidizing and as a result, we have
also obtained the back electron transfer rates from the
reduced protein to P. in the second scheme, porphyrin
anion radical( P) was generated by hydrated electron
which resulted from photoionization of ferrocyanide, and
the rates corresponding to electron transfer from p to the
oxidized protein have been determined.
The data are analysed according to Marcus 's electron
transfer theory. A reorganization energy of about
1.1 ev was found for the cytochrome c- and azurin-
porphyrin systems. For the case of myoglobin, because of
insufficient data, it can only be inferred that the
reorganization energy is expected to have a much higher





of about 1.6 eV was deduced for cytochrome
c and azurin.
The maximum electron transfer rate for
cytochrome c and azurin is very high( 4.0* 10 M s).
For myoglobin,
m
the k cannot be accurately determined, but
preliminary data indicate that it has a value similar to
that of the two other proteins. It can be deduced that the
distance involved in the present electron transfer
reactions is small( <6.5 A). Thus, they may only occur at
certain regions of the protein surface where the porphyrin




Inorganic redox reactions are of primary importance in
biological systems. For example, in both respiration and
photosynthesis, the free energy utilized to make
phosphorylation reaction thermodynamically and kinetically
facile is supplied by an oxidation-reduction or electron
transfer process. The electron transfer proteins involved
are found to be fixed at membranes with specific
orientation. The active sites of the electron transfer
centers constitute only a small percentage by weight of the
total protein. It is estimated that there is one redox
center for 15,000-20,000 molecular weight, resulting in
electron transfer centers that are on the average 15-20
apart.
1.1 Development of theory
The understanding that electron transfer in
biological systems involves quantum mechanical tunnelling
came with the discovery that the rate of cytochrome
oxidation in Chromatium initially decreases from room
temperature to 100 K, but becomes absolutely temperature
independent from 100 to 4 K (DeVault and Chance 1966).
Several theoretical formulations are then proposed, in an
effort to explain this temperature independence of electron
transfer in Chromatium. The first notable one as put forth
by Hopfield (1974, 1977) is a semiclassical one, where the
2two sites are assumed-to interact nonadiabatically by
thermally activated vibronic coupling. Hopfield used the
Forster-Dexter energy transfer theory as a model for the
electron transfer process and made use of the spectral
function of the donor and acceptor to determine the rate of
nonadiabatic electron transfer. In 1976, Jortner developed
a purely quantum mechanical formulation in terms of a
nonadiabatic multiphonon decay process. Jortner's model
rests on the analogy between electron transfer in a well-
defined reactant pair and an ordinary unimolecular
radiationless. decay. Since the formulations by Hopfield and
Jortner, it is recognized that a lot of equivalent
theoretical work has been done by Marcus in simple chemical
systems (Marcus 1956, 1960(a), 1964, 1965).
1.2 General scope of electron transfer theory
In the present section we briefly summarize the
relevant concepts in electron transfer theory. For reaction
to occur, the reactants must approach each other to enhance
the coupling of their electronic orbitals. Because the
electron transferred is such a light particle, according to
the Franck-Condon principle, transfer will only occur at or
near nuclear configurations for which the total potential
energy of the reactants and surrounding medium is equal to
that of the products and surrounding medium corresponding
to the intersection region in Figure 1. The energy involved














Figure 1 Profile of many-dimensional potential surface
of reactants plus surrounding medium (R) and
that of products plus medium (P). Dotted lines
indicate splitting due to electronic interaction
of reactants. A and C denote nuclear coordinates
for an equilibrium configuration of reactants
and for products respectively; B denotes nuclear
configuration at the intersection of the two
potential energy surfaces.
referred to by Marcus as the reorganization energy, A,
from both inner sphere( X). an outer sphere effects(
in
A). includes changes in bond angles and bond
out in
lengths in the reactant and product molecules themselves.
A includes changes in solvent configuration, and is
out
largely due to the repolarization energy of the solvent.
Once the system reaches the intersection of the two
curves in Figure 1, there is a certain probability of going
to products. The transition probability depends on a number
of factors, such as the extent of coupling of the
electronic orbitals of the two reactants, which in turn
depends on the separation distance of the reactants. When
there is substantial electronic coupling of the reactant
pair, or the reactants come into very close contact, the
transition probability is unity, or approximately so
(adiabatic). When the electronic coupling of the reacting
pair is very weak, for example as in biological systems
when the redox partners are rigidly held and separated in
space, the probability of proceeding to the products when
the system is in the vicinity of the intersection region in
Figure 1 becomes very small (nonadiabatic). When transition
occurs, the products then formed after the transfer must
have vibrational (and possibly electronic) excitation equal
to the reaction exothermicity (AE) as required by energy
conservation.
Incorporating the conservation requirements for energy
and nuclear positions during electron transfer, and also
5the transition probability into the calculation, Marcus and
Hopfield arrived at the equation;
(1-1)
where the pr of ac for A depends on the transition probability
of going from R to P surface at the intersection region in
Figure 1, and the exponential term is due to the
conservation requirements as described above. Finally, it
should be noted that the above equation is only valid in
the high temperature limit in which the' required nuclear
configuration is attained by thermal fluctuations. While at
low temperature, the nuclear rearrangement proceeds by
nuclear tunnelling and the electron transfer rate then
becomes temperature independent, and equation (1-1) is no
longer valid.
one of the most interesting features as deduced from
Equation (1-1) that is worth mentioning is the predicted
inversion of reaction rate at high exothermicities. The
transfer rates are expected to be slow for weakly
exothermic reactions, to increase to a maximum for moderate
exothermicity, and then to decrease with increasing
exothermicity for highly exothermic electron transfer
reactions.
1.3 Inter- and intra-molecular electron transfer
In the experimental studies of electron transfer
6process, two types of reactions should be distinguished
inter- and intra-molecular.
(A) Intermolecular electron transfer reactions
in the last decade interest in small-molecule electron
transfer. reactions was extended to the reactivity of
biological electron transfer proteins (Cassatt and Marinni
(1974), Wherland and Gray (1977), Mauk et al. (1982),
Sisley et al. (1983), Cho and Austin (1984)). Because of
the complexity of the process when both reactants are
proteins, small inorganic molecules are often used to probe
the electron.transfer property of a given protein. The use
of these small reagents also offer several advantages. They
are generally more readily available than the proteins, and
many alternations can be made to their structures with
predictable effects. For example,. the redox potentials and
thus the driving force of the reaction may be varied over a
wide range.
These studies have provided information on the
kinetics and machanisms by which these electron transfer
proteins operate. The general picture emerged after
extensive studies is that the protein molecules first
diffuse together to form a precursor complex and electron
is then transferred from one to another by quantum
mechanical tunnelling. A large number of measurements have
been conducted by H. Gray (Wherland and Gray(1977), Mauk et
al.(1982,1983)) and A. Sykes (Segal et al.(1978). Lappen et
al.(1979) and Sisley et al.(1983)). Gray and coworkers
7interpreted their data by the concept "kinetic
accessibility" of the electron transfer site by the small
molecule reagents. With this kind of analysis, they showed
that for example the copper blue protein azurin and the
HIPIP, Fe S cluster are the least kinetically accessible,
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the copper blue protein stellacyanin is the most
accessible, and plastocyanin and cytochrome c have
intermediate aaccessibility to the inorganic redox
reagents. These results are consistent with the degree of
exposure of the electron transfer site of the protein to
the solvent as deduced by x-ray crystallography. While the
measurements carried out by Sykes are very similar to those
of Gray et al., they are interested in mapping the binding
sites on a particular protein. In most cases, the binding
is found to be quite weak and their systematic search has
provided some useful information on protein reactivity.
Nevertheless, the method of using small molecules has
some drawbacks. Firstly, different complexes may bind to
different sites on the protein, resulting in different
distances over which the electron is transferred. In
addition, the exact location of the binding site is often
not known. The situation is further complicated by the
ligand structure of the small inorganic complexes and the
protein environment. Secondly, the diffusion of the two
reactants to form the precursor complex may become the rate
9 -1 -1
limiting step (k 1.0* 10 M s) at sufficiently high
A E. As a result, the electron transfer, rates cannot be
8accurately determined in such cases.
(B) Intramolecular electron transfer reactions
Experiments of this type are especially suitable for
probing the distance dependence of electron transfer
reactions. A particularly promising approach is based on
coordination chemical modification. Gray with coworkers
(Winkler et al., 1982) and Isied et al.(1984) have used
ruthenium modified proteins to study specific pathways for
electron transfer. They have determined the rate of
intramolecular electron transfer between Ru and
cytochrome c (III), and their results have demonstrated
efficient long range electron transfer across 10 R of
peptide residues. Moreover, Gray et al. have inferred that
the inner-sphere reorganizational barrier associated with
heme. c electron transfer is negligibly small. Quite
recently, Hoffman (McGourty et al. (1983), Peterson-Kennedy
et al.(1984) (1986)) have made use of a hemoglobin hydrid
molecule in which two of the Fe porphyrin active site have
been substituted by a redox pho toac tive Zn (I I) porphyr in,
and they have measured the photoinduced electron transfer
from Zn(II) Fe(iii). This study also
demonstrated that electron transfer could occur relatively
rapidly (60 s) over a crystallographically-characterised
long distance (25. closest *approach between the
porphyrins). In addition, a reorganization energy of 2.5 ev
was obtained for the hybrid Hb system. Independent and
simultaneous work on physiological donor-acceptor pair has
9been reported by McLendon et al.(1985). These authors have
reported studies of photoinduced electron transfer
involving metal-substituted Zn(II) cytochrome c which can
transfer an electron to a physiological partner cytochrome
b5. They obtained a reorganization energy of ti 0.8 eV for
the system (c.f. 2.5 eV in the above haemoglobin case). in
particular, this system offers a useful model for testing
the dependence of intraprotein electron transfer rate on
AE.
In summary, a vast amount of work has been done in the
area of intermolecular electron transfer reactions between
proteins and small redox reagents. The great advantage is
that the properties of these small redox reagents are well
characterised. However, the binding site of the inorganic
complexes on the protein molecules is often not known.
Furthermore, most existing data involve reactions at
relatively low exothermicity. As a result, the experimental
evidence for rate inversion at high E as predicted by
theory is very uncertain. More works involving systems with
different exothermicity values would be useful in this
regard. As will be seen in the following paragraphs, the
work reported here is along this line, hoping to shed more
light on the problem.
on the other hand, intramolecular protein-protein
electron transfer is definitely receiving more attention.
Studies involving reactions with rigid donor-acceptor
10
separations are found to be more promising than those in
solution. For example, the inverted behaviour has been
observed recently in intramolecular electron transfer in a
protein system (McLendon and Miller 1985). However, this
kind of experimental work is often limited by the
difficulty in preparing a biological system suitable for
electron transfer studies. Thus, only few studies have been
reported so far.
1.4. A brief account of the present work
in this work, we have conducted an experimental study
of intermolecular electron transfer reactions in
metalloproteins by the method of photoexcitation. This
method has a number of advantages over the traditional
stopped flow technique. One advantage is that strong
reducing/oxidizing agents can be generated by laser flash
excitation and thus the electron transfer rates can be
measured over a wide range of exothermicities. High
exothermicity data have been obtained recently by this
method (Mayer et al.1983,1984, Cho et al. 1984, English et
al. 1982).
A redox system which is suitable for such studies is
the porphyrin, as some of them, when in the triplet state
are strong reducing/oxidizing agents (Felton (1978) and
Kalyanasundaram & Neumann-Spallart (1982)). Considering
that most electron transfer proteins have me tal loporphyr ins
as active centers, we have measured the electron transfer
rates between three metalloproteins and several water
11
soluble porphyrins including ZnTPPS, ZnTMPyP, ZnTPPC,
H TPPS and H TMPYP where TPPS= tetrakis(sulfonatophenyl)
2 2
porphyrin, TMPYP tetrakis (N-methylpyridyl) porphyrin and
TPPC= tetrakis(carboxyphenyl) porphyrin. The porphyrin
ZnTPPS is shown in-Figure 2. The three metalloproteins
studied are horse heart cytochrome c (Type VI), azurin
(Pseudomonas aeruginosa) and horse heart myoglobin (Type
III). All three are small single heme proteins with
specific biological functions. These proteins have been
studied extensively and their structures has been
determined by x-ray crystallography as shown in Figure 3
(a),, (b) and (C). The first two of which are electron
carriers while myoglobin is oxygen carrier. Thus by
comparing their reactivities (as probed by porphyrins), we
hope to obtain more information about the mechanisms. of
electron transfer in protein molecules.
Two different redox schemes have been adopted in our
studies. In the first scheme, the porphyrin, when excited
by a laser flash, is promoted to the triplet excited state
(P).
These triplets are strong reducing agents which are
capable of reducing the proteins. In addition, the
porphyrin triplet is rather long-lived with a lifetime of
approximately 1 msec so that efficient electron transfer




































Figure 3 (a) Structure of horse-heart cytochrome c.
(b) Structure of azurin (Pseudomonas aeruginosa).
Adapted from Adam(1979).





























The porphyrin cation radical (p) thus generated is
stronly oxidizing, and back electron transfer from the reduced
+
protein to p can occur.
in the second scheme, we utilize the porphyrin anion
radical (P) as the electron donor. The anion radicals were
produced by reducing the porphyrin with hydrated electron
which resulted from the photoionization of ferrocyanide by
UV light. The equations related to this scheme are
summarized in the following;
In essence, the study reported here will be proved to
be useful in several aspects. By studying the electron
transfer rates over a wide range of exothermicities, we can
obtain the reorganization energy for the various protein-
porphyrin systems. This information may provide a clue to
P+ oxd P+ red
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establish a clear dependence of those important parameters
such as exothermicity and reorganization energy on
different biological systems, which is crucial in
understanding the mechanisms of electron transfer in
protein molecules. It is argued that a variation in the
reorganization energy for different proteins will reflect
the proteins' specific biological roles, being high for
those proteins designed for ligand binding (e.g.
haemoglobin) against the much lower values for cytochrome c
which are designed to carry out electron transfer
functions, in addition, by fitting our data to the theories
of Marcus and Hopfield, we are led to propose a picture for
intermolecular electron transfer from porphyrins to
metalloproteins, i.e. electron transfer occurs when the
porphyrins come into close contact with the region at the






We employed the pulsed laser flash photolysis
techniques in our experiments. The time evolution of the
transient species generated as a result of laser excitation
was monitored by optical absorption spectroscopy, either
over a wavelength region in the visible region at selected
times for identification of the transient species or over a
time interval at selected wavelengths for kinetic
measurements. The schematic diagram of the experimental
setup for measuring transient absorption change is shown in
Figure 4 (a) and (b).
The excitation pulse is either the third harmonic at
355 nm (for the first part of experiment in generating
porphyrin triplet excited state) or the fourth harmonic at
266 nm (for the second part of experiment in generating
hydrated electron from ferrocyanide) from a nd:YAG laser
(Quanta-Ray DCR-2 (10)) producing pulses of FWHM 10 nsec at
a repetition rate of 2 Hz. The laser beam has a donut shape
with inner and outer diameter of 3 mm and 7 mm
respectively. The laser light was incident on a rectangular
quartz cell with optical path of 1 cm. To improve the
sensitivity of measurements, the laser light was slightly
focused before entering the quartz cell by a cylindrical
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Figure 4 (b) Experimental setup: electrical scnemaLie uldgrdlll
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the size of the laser pulse was confined within the
monitoring beam. The laser power was determined by using a
Scientech 362 power meter. Typical laser energy used in our
experiments was several mJ per pulse.
A 150 W broad band tungsten lamp served as the light
source for monitoring optical absorption changes
(positioned at 90° to the laser beam). The desired
wavelength of the probe beam was obtained by passing the
tungsten light through a monochromator (Jarell Ash) before
incident on the sample. The output from the monochromator
was then focused at the sample using a condenser system Cl,
with focal length of 4 cm. The focused beam at the cell was
5 mm in height and 1.5 mm in width. After traversing the
sample, the probe beam was consequently focused by another
condenser system C2 with focal length 4.5 cm onto another
monochrom,a for .(Bausch and Lomb), which served to reject
fluorescence and scattered light from the sample. An
interference filter was added in the event of strong
fluorescence.
The electronics consist of a photomultiplier detector,
a differential amplifier and a transient recorder
controlled by a microcomputer for signal averaging and data
storage. The photomultiplier tube used (EMI 9558QB) had a
fast response and high gain. However, the high gain
normally afforded by the tube was found to be quite
unnecessary due to the high intensity of the probe beam and
21
thus only 6 out of 11 possible amplification stages were
used. The shortened dynode configuration made it possible
to maintain an interdynode voltage of the order of 100
volts which gives optimal performance.
The DC voltage output from the PMT was first
subtracted off by the variable DC offset obtained from a
100 MHz LH0033 fast buffer amplifier (National
Semiconductor). This enabled the transient signal to be
detected with a higher sensitivity. The buffer amplifier
further served to drive the long cable between PMT and a AM
502 differential amplifier (Tektronix) with variable gain
from unity to 100K and selective bandwidth from DC to 1
MHz. The amplified signal was then fed into a Biomation
1010 waveform recorder (10 bit resolution and bandwidth
from DC to 2.5 MHz). A Q-switched pulse synchronized with
the firing of the laser was used to trigger the Biomation.
We employed the transient recorder in the pre-trigger mode
which enabled us to record the baseline before the laser
flash and the signals afterwards. Each trace was digitized
and sent into a microcomputer built from a 6502
microprocesser for signal averaging and data storage
through an INTEL 8255A Progammable Peripherial Interface
developed previously by F.C. Cheng(Cheng 1984). The data
processing program was written in machine language so as to
increase the speed of the system. There are four sections
in the BASIC program.(MAIN). The initialization section
serves only for parameter input. The data collection
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section is a machine language subroutine called SUBM. The
third section is the display section. In the final section,
data is output to the diskette.
The detection system described above was normally used
for measuring signals slower than 25 Msec. For processing
fast signals with a time scale of less than several psec,
the Tektronix differential amplifier was replaced by a
wide-band amplifier PAR 115 (Princeton Applied Research)
which had a bandwidth of 70 MHz and fixed gain of either 10
or 100. In such cases, the amplified signal was fed into a
Transiac 2001 transient recorder (8 bit resolution and
bandwidth up to 100 MHz) instead of the Biomation. The
increase in bandwidth degraded the signal/noise performance




Horse heart cytochrome c (Type VI) purchased from
Sigma Chemical Company was used without further
purification. The samples as received contained a small
fraction ( 1O%) of ferrocytochrome c. The exact percentage
was determined by adding a slight excess of oxidizing agent
ferricyanide and monitoring the optical density (O.D.) at
550 nm. The electron transfer rate measurements were
conducted on two separate batches of cytochrome c which
contained respectively (11.5+ 0.5)% and (10.3+ 0.5)% of
ferrocytochrome c. purely oxidized protein was prepared by
adding a slight excess.of ferricyanide and then dialyzed
against the 5 mM (pH 7) phosphate buffer for three days, or
by gel-chromatography with a sephedax G-25 column.All other
chemicals used were of reagent grade, unless otherwise
stated, all samples were prepared in 5 mM phosphate buffer
at pH 7. ionic strength was adjusted by adding MaCl.
2.2.2 Azurin
Azurin (pseudomonas aeruginosa) purchased from public
Health Laboratory Services in Great Britian (A A
280 625
1.7) was first purified by gel chromatographing through a
50 cm G-25 Sephadex column with 5 mM (pH 7) phosphate
buffer as the eluting solvent. The protein was collected as
the first band off the column. The absorbance ratio( A
280
A) was found to be 1.8+_ 0.1. The samples as received
625~
was 100% oxidized. The reduced protein can be obtained by
adding a slight excess of sodium dithionite and then
purified by the G-25 Sephadex column. The proteins used for
measurements were adjusted to contain approximately 10 to
20% of reduced species. Final concentration of the protein
used was determined spectrophotometically with use of the
following data(Goldberg pecht (1976)): oxidized azurin:
J (max)= 625 nm with extinction coefficient e= 5700
-1 -1




Horse heart myoglobin (Type ill) purchased from Sigma
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Chemical Company was purified by centrifugation for 15
minutes and passing through a 50 cm G-25 Sephadex column
(eluting solvent was 5 mM (pH 7) phosphate buffer).
2.2.4 Preparation of porphyrin-protein samples
The five water.soluble porphyrins (H TPPS, H TMPyP,
2 2
ZnTPPS, ZnTMPyP and ZnTPPC where TPPS= tetrakis
(sulfonatophenyl) porphyrin, TMPyP= tetrakis (N-
methylpyridyl) porphyrin, and TPPC= tetrakis
(carboxyphenyl) porphyrin) used in our measurements were
generously supplied by Dr. Che Chi-ming of The Hong Kong
University. They are prepared by standard methods as
described in Alder et al., 1970. The absorption spectrum
for the three Zinc porphyrins are shown in Figures 4- 6.
For each porphyrin, the reaction rate was measured as
a function of protein concentration( 10 to 100 uM) at a
constant- porphyrin concentration( typically 10 jaM for
H TPPS, 50 )1M for all other porphyrins). It was noted that
2
all porphyrins used, except H TPPS, obeyed Beer's Law in
2
the concentration range used, indicating that they remained
monomeric in aqeous solution at pH 7 and throughout the
ionic strengths used in our measurements. For H TPPS, the
2
absorption spectrum was found to be dependent on ionic
strength, and it existed as monomer only at low ionic
strength. Therefore, we did not attempt to measure the
electron transfer rate for this porphyrin at ionic strength
other than 0.01 M.
20
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Figure 4 Ground state absorption spectrum of ZnTPPS
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Figure 5 Ground state absorption spectrum of ZnTPPC in
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Figure 6 Ground state absorption spectrum of ZnTMPyP
in 5 mM (pH 7) phosphate buffer.
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All the solutions for laser studies were freshly
prepared and kept in dark before irradiation. They were
mixed immediately before measurements and degassed via
three freeze thaw pump cycle( 0.005 torr) to remove the
dissolved oxygen which is an very efficient quencher of the
porphyrin triplet excited state. The mixtures were then
finally refilled with nitrogen gas. An absorption spectrum
was taken between 500 and 600 nm on a Hitachi 220-S double
beam spectrophotometer to determine the final
concentrations of oxidized and reduced proteins in the
samples prior to experiment. All measurements were made at
0
room temperature( about 20 C).
Chapter 3
Results
The kinetics of electron transfer between three
metalloproteins (horse heart cytochrome c azurin
(pseudomonas aeruginosa) and horse heart myoglobin) and
several water soluble porphyrins has been studied by two
different types of redox schemes. As described in the
Introduction and as will be seen in the following section,
the first scheme utilizes photogenerated porphyrin triplet
as the electron donor. Two rates, one corresponds to the
electron transfer from p to oxidized protein, and the
other from the reduced protein to porphyrin cation radical
+
(P) have been measured. in the second scheme, the
porphyrin anion radical, p, generated by hydratea electron
(resulting from photoionization of ferrocyanide) acts as
the electron donor. The measured rate corresponds to the
rate of electron transfer from p to oxidized protein.
3.1 Reaction schemes
3.1.1 Scheme I: P- Scheme
The absorbance changes following the laser flash for a
sample containing both porphyrin and protein occur in three
separate stages (Figure 7 (a), (b) (c)). Each stage can
be identified by examining the signal amplitude as a
function of monitoring wavelengths. Since the features seen
for the various protein- porphyrin systems are essentially
the same, thus only those for( ZnTPPS- cytochrome c) are
shown as illustrations.
Figure 7 Typical transients obtained for the( ZnTPPS-
cytochrome c) system at (a) 553 nm; (b) 605 nm;
(c) 605 nm. I, II and III correspond to three different
processes observed following laser excitation (see
text for details). The sample contained 20 M (oxidized
+ reduced) cytochrome c in 0.5 M NaCl and 5 mM (pH 7)
phosphate buffer.
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The prompt signal generated almost immediately after
the firing of the laser corresponds to the absorbance
changes due to the creation of the porphyrin triplet
excited state, p (process I, Figure 7(a)):
The porphyrin triplet is known to be generated by a single
photon process according to the kinetic schemes as shown in
Figure 8, with the quantum yield of inter-system crossing
being almost unity. The triplet is rather long-lived, with
a natural lifetime of approximately 1 ms.
in the presence of protein, the decay rate of p
(Process II, Figure 7 (b)) is greatly increased. it is
because the porphyrin triplet p is a strong reducing
agent(Kalyanasundaram Neumann-Spallart (1982)) and thus
can be quenched efficiently by the oxidized proteins
according to the following reaction which we denote as the
forward reaction;
However, it should be noted that the observed
quenching rate (k) will be equal to the electron transfer
q
rate (k) only if quenching of p by other process, notably
f
energy transfer is also small. As will be seen in the









Figure 8 Scheme of generation of porphyrin triplet
( P).
occurence of electron transfer quenching in the forward
reaction can be confirmed by studying the signal amplitude
at different monitoring wavelengths at a time after process
II has been completed.The absorbance of the sample,
immediately after the laser flash, is given by;
III
where£= extinction coefficient for C
o II
-= extinction coefficient for C
R
£= extinction coefficient for porphyrin
P
£= extinction coefficient for. porphyrin triplet.
P
The absorbance after process II is;
II III
where£ C is the amount of C generated from C and£+
+ P
is the extinction coefficient for p.
The absorbance change( A- A as a function of time) is
o
thus given by;
When process n has been completed, [p] =0, and A A is
III
therefore a superposition of spectral change of (C
II+
C) and (ZnTPPS- ZnTPPS). The transient spectrum
obtained is shown in Figure 9. The solid line denotes the
III
spectrum calculated from a linear combination of( C
II+ III II
C) and( ZnTPPS- ZnTPPS).( C- C) (Figure 10)
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Figure 9 Difference spectrum obtained for the( ZnTPPS-
cytochrome c) system by monitoring the absorbance
at a time after Process Il(Figure 7(b)) has been
completed. The solid line denotes the spectrumi t i»- T
calculated from a linear combination of (C111- C-)
and (ZnTPPS- ZnTPPS1). The experimental conditions










Figure 10 Difference spectrum of( Cyt-c3+- Cyt-c2+) obtained
by calculating according to Margoliash and Frohwirt
(1959).
TFrohwirt (1959)) while that of( ZnTPPS- ZnTPPS) (Figure
11) is obtained by ourselves using the transient absorption
setup with ferricyanide (which has essentially no
absorption between 500- 600 nm for both the oxidized and
reduced form) as the electron acceptor. The good agreement
with the experimentally obtained transient spectrum leads
to the confirmation that p is indeed quenched by the
metalloproteins via electron transfer (process II).
The reaction kinetics provide further support for
assigning the observed transient signal to that of Equation
(II). In particular, the decay of p (process II, Figure 7
+ II
(b)) and the production of p and C (process II, Figure 7
(b)) can be observed separately at selected isosebestic
points. For ZnTPPS- cytochrome c, the p decay rate can be
monitored at 553 nm (Figure 7 (a)) which corresponds to the
II III+
isosebestic point of the( C- C)+( P- P)
difference spectrum (i.e. the sum of the 1st and 2nd term
in the above A A expression is equal to zero and we are
thus observing the time evolution of [p]), whereas the
electron transfer rate can be determined at the (p- p)
isosebestic point at 605 nm as shown in Figure 7 (b) (i.e.
the 3rd term in the expression is zero). As shown in
the Figures, the reaction monitored at 553 nm and 605 nm
indeed occur concomitantly.
The final decay (Process III, Figure 7 (c))
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Figure 11 Difference spectrum of( ZnTPPS- ZnTPPS+)




which is expected to occur since p is strongly oxidizing.
The identification is supported by the fact that the
absorbance returns to its preflash baseline and that the
+
rate of conversion• from p to p and from reduced to
oxidized proteins as determined at different monitoring
wavelengths are found to be equal.
3.1.2 Scheme II: P- Scheme
In this process, we utilize the hydrated electrons
II
generated from ferrocyanide (Fe) by pulsed laser at 266
nm to initialize the electron transfer reaction of interest;
The hydrated electron is known to be generated by a single
photon process (Lachish et al., 1976) and the quantum yield
is 0.5 at 266 nm excitation.(Shirom Stein (1975)). The
hydrated electron can easily be identified by its broad
transient absorption peak centered at 700 nm. Typical
lifetime in a 0.5 M Nacl solution at pH 7.0 was found to be
3 jasec.
When porphyrins are added to the sample, the hydrated
electrons are rapidly quenched and the porphyrin anion
radical concomitantly formed. such reduction is almost
instantaneous, with the quenching rate found to be 1.510
-1 -1
M sec at 0.5 M Nacl ionic strength.
As a result, this photosystem is very useful for the
study of electron transfer reactions in the sense that the
electron donor p is created almost instantaneously. The
porphyrin anion radical (P) can be identified by studying
the transient signal amplitude at different monitoring
wavelengths immediately after the firing of the laser. The
p transient spectrum as shown in Figure 12 has a pertinent
peak at 720 nm (with A A ~0.56). The generation
650 720
of P is further confirmed by studying the transients at
earlier times (in the regime of 5.0 jusec) at 450 and 700
nm. The decay observed at 700 nm (Figure 13 (a))
corresponds to the decay of hydrated electrons. It does not
return to its preflash baseline indicating the simultaneous
formation of p. While the hydrated electrons have little
absorption change at 450 nm, the signal (Figure 13 (b)) at
this wavelength is contributed mainly by the formation of
p. The rates at the two monitoring wavelengths were found
to be equal, leading to the conclusion that the decay of
the photogenerated hydrated electron and the formation of
the porphyrin anion radical is indeed concomitant. When
excess porphyrin is added, the transient spectrum undergoes













Figure 12 Difference spectrum of( ZnTPPS- ZnTPPS) obtained
upon reduction of ZnTPPS by hydrated electron
generated from photoionization of ferrocyanide.
Figure 13 Typical transients of ZnTPPS at (a) 700 nm which
illustrates the decay of e~ and (b) 450 nm whichciG•
illustrates the reduction of the porphyrin. The
sample contained 2 mM ferrocyanide and 50 ZnTPPS in
0.5 M NaCl and 5 mM (pH 7) phosphate buffer.
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excited state) are now generated by direct excitation of
porphyrin by the laser. to avoid possible complications in
subsequent studies arising from the presence of p, we
minimize its amount by keeping the optical density of the
porphyrin at 266 nm to be always less than 10% of that of
ferricyanide.
The method described above cannot be used to generate
p in the case of ZnTMPyP as this positively charged
porphyrin formed percipitates with the negatively charged
ferrocyanide. We have attempted other methods by replacing
ferrocyanide with tyrosine which is also photoionizable by
UV light (Lachish et al., 1976 and Bent Hayon (1975)).
However, the obtained transient spectrum indicated that
there is a large amount of p generated. The reason may
probably be due to large energy transfer from the tyrosine
triplet to porphyrins.
The anion radical decay by back reacting with the
III II
Fe generated in the photoionization of Fe( .2 ms
in our experiment). upon the addition of the protein, the
decay rate of p is significantly increased, as a result of
electron transfer from the porphyrin anion radical (p) to
the oxidized protein, which we denote as the forward
reac tion;
red
This is expected to occur since p is strongly reducing.
The formation of the reduced proteins is best monitored at
550 nm for cytochrome c (Figure 14 (a)) and myoglobin, and
at 625 nm for azurin while the decay of p is best
monitored at 650 nm or 700 nm(Figure 14 (b)). The decay
rates at these wavelengths were found to be equal,
confirming that the quenching of p is via electron
transfer to the oxidized proteins.
The reduced protein generated in the forward reaction
is found to undergo a subsequent decay to almost its
original baseline, indicating that the entire reaction is
reversible. We attribute this process to the oxidation of
the reduced proteins by ferricyanide;
This decay is found to be very slow and the rates obtained
are in excellent agrement with literature values (see
following section).
3.2 Horse-heart cytochrome c
3.2.1 Scheme I: P- Scheme
(a) Quenching rate constants
III
The forward reaction is pseudo first order as [C]
[P]. Within experimental errors, the decay follows a
single exponential over 3-4 half-lives. The Stern-volmer
III
plots, i.e. T t versus [c] (where T is the triplet
o
lifetime in the presence of protein and j is the natural
a3
b
® 20 40 Rn n r.
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Figure 14 Typical transients for the (ZnTPPS- Cytochrome c)
system at (a) 650 nm which illustrates the decay of
the porphyrin anion radical and (b) 550 nm which
illustrates the formation of the reduced protein. The
sample contained 2 mM ferrocyanide, 50 ZnTPPS, 80
Cyt-c3+ and 20 Cyt-c2+ in 0.5 M NaCl and 5 mM
(pH 7) phosphate buffer.
lifetime), are linear for at least 90% of the reaction and
no evidence of binding is observed within the range of
concentrations used in our measurements. The dependences of
the observed first-order rate constants on oxidized protein
concentration for the five porphyrins are shown in Figure
15. The bimolecular quenching rate constant k can be
q
determined from the slope of such plot. As seen in Figure
































The ionic strength dependence of the quenching rate
was measured by varying the concentration of added NaCl
(0.05- 0.50 M) at (pH 7) 5 mM phosphate buffer. The
variation of the quenching rate constants depends on the
porphyrins used. k for ZnTPPS and ZnTPPC decrease by a
q
factor of 5.5 as ionic strength increases from 0.01 M to
0.51 M as expected for a reaction between two oppositely
charged species. on the other hand, k for ZnTMPyP
q
increases by a factor of 4.2. The dependence of k on ionic
q
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Figure 15 Stern-Volner plots of quenching of ZnTPPS(•), ZhTPPC
(), ZnTMPyP (A)r, H2TPPS (A) and H2TMPyP( O) by
ferricytochrome c. The ionic concentration is 0.51 M









































The quenching rate for H TPPS cannot be determined over a
2
wide range of ionic strength, as this porphyrin dimerizes,
especially at high salt concentration (Hambright (1975)).
(b) Back reaction rate constant
The amount of ferrocytochrome c generated by each
laser flash can be calculated from the change -in absorption
and was estimated to be always less than 0.1 juM. This
concentration was much smaller than the concentration of
ferrocytochrome c which was originally present in the
sample (approximately 10% of the total protein
concentration). as a result, the back reaction is pseudo-
first-order and follows a single exponential decay.
A further check on the exponential nature of the decay
could be obtained by studying the variation of the reaction
rate with the amplitude of the signal. By varying the laser
power, it was observed in the experiment that the rate was
48
indeed independent of the initial concentration of the
photoreduced cytochrome c, lending further support to the
expected pseudo-first-order behaviour.
The dependences of the observed reaction rate for
various porphyrins with protein concentration are shown in
Figure 16. The plots are linear in all cases, the slope of
which gives the bimolecular electron transfer rate between
p and ferrocytochrome c. For H TMPyP, we have already seen
2
that little ferrocytochrome c was generated in the forward
reaction, and thus no back reation could be observed. The




ZnTPPS 4.0*10 0.61 0.51
8
ZnTPPC 3.6*10 0.54 0.51
8
ZnTMPyP 6.1*10 0.92 0.51
9
H TPPS 2.8*10 0.84 0.01
2
The ionic strength dependence of k for the three Zn
b
porphyrins, as summarized in Table 4, are essentially the
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Figure 16 Plots of versus[ (x] for the oxidation of
ferrocytochrome c by ZnTPPS(•), ZnTPPC(),
ZnTMPyP+ (A) and lTPPS4 (A). The ionic concentration
is 0.51 M except for the reaction involving H2TPPS+








































3.2.2 Scheme II: P- Scheme
The electron transfer reaction between p and
ferr icytochrome c is studied by adding several
III
concentrations C (40 MM- 160 MM) to the sample
II
containing Fe and p. it should be noted that the
III
ferricyanide (Fe) generated by the redox equilibrium;
III- III
can also compete with C for p (The Fe quenching was
9 -1 -1
found to have a bimolecular rate of 1.010 M sec at 0.5
M ionic strength). As a result, reduced protein was added
to the sample (approximately 20% of the total protein
III
concentration) so as to reduce the concentration of Fe
III
In all cases, we have found that the amount of Fe is
III
less than 5% of that of c .At such a small percentage,
III
the Fe does not have any appreciable effect on the
experiment.
51
A study of the variation of reaction rate with protein
concentration shows that the rate constants increase
linearly with increase in protein concentration. Within
experimental errors, the decay follows a single
exponential. To obtain the electron transfer rate between
p and ferricytochrome c from the observed rate, the
following corrections have been made:
III
(i) reaction due to Fe
(ii) reaction with ferrocytochrome c
unknown
As a result, the electron transfer rate of interest
was found to contribute about 85% to the observed rates.
As will be seen in the following paragraph, this assignment
of electron transfer is further corroborated by estimating
the ratio of the corresponding spectral changes. The
III
corrected first order rate constants plotted versus [C ]
as shown in Figure 17 and 18, are linear for at least 90%
of the 'reac tion and no evidence of binding is observed. The
bimolecular rate constants can be determined from the slope
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Figure 17 Plot of k, versus[ CHI] fQr the reduction of
T TT
ferricytochrome c( C 11) by ZnTPPS. The ionic
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Figure 18 Plot of kobs_ versus[ Cm] for the reduction
of ferricytochrome( C111) by ZnTPPC. The ionic













The amount of porphyrin anion radical (P) and
ferrocytochrome c generated by each laser flash can be
calculated from the change in absorption at 700 nm and 550
nm respectively. The transient signals measured at these
two wavelengths for ZnTPPS are shown in Figure 19. The
signal at 700 nm (immediately after the laser pulse). is
mainly contributed from the redox change of porphyrin while
that at 550 nm(at a later time after the decay of p )is
largely( 60%) due to the spectral change of ferri- and
ferro-cytochrome c. it should be noted that A
700
corresponds to the signal amplitude w.r.t. the preflash
bseline while that of A is w.r.t. the starting point of
550
the rise of the signal as there is a jump w.r.t. the
preflash baseline which corresponds to the spectral change
due to ferrocytochrome c generated by hydrated electron. If
all the observed quenching rate is due to electron transfer
from P to ferricytochrome c, the ratio of the signal
amplitudes at 550 nm and 700 nm, A A, should be
550 700
equal to the ratio of the corresponding change in
extinctions (extinction change for (P- p) (Felton 1978)
-1 -1 -1 -1
at 700 nm is 9000 M cm and at 550 nm is 9000 M cm and
-1
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Typical transients for the (ZnTPPS- Cytochrome c)
Figure 19
system at (a) 700 nm which illustrates the decay
of the porphyrin anion radical and (b) 550 nm which
illustrates the formation of the reduced protein. The
sample condition is the same as in Figure 14.
-1
cm) which is 3.1. The measured ratio is found to be
about 20% below the calculated value, which is in good
agreement with the above results of corrected rate
cons tan ts.
At 550 nm, the signal decays subsequently to almost
its original baseline, indicating that the entire reaction
is reversible. We attribute this process to the oxidation
of ferrocytochrome c by ferricyanide. The decay is also
pseudo-first-order since the sample contains initially
about 20% of ferrocytochrome c as mentioned above. The rate
6
constant for this final process was found to be 5.0 10
-1 -1
M s (pH 1, u= 0.5 M), in excellent agreement with the
6 -1 -1
value of 4.8 10 M s obtained by Morton et al.(1970).
In this scheme, the reaction rates cannot be studied
over a wide range of ionic strength because of the redox
equilibrium() as described above. The equilibrium state
will be shifted to the left at low ionic strength and a
large amount of ferricyanide will be generated. The first
order observed rates then require large correction and will
not be accurate. As a result, we have only performed
measurements for the porphyrin ZnTPPS in the range from
0.11 M to 0.51 M. The dependence is very similar to that of














3.3 Azurin (pseudomonas aeruginosa)
3.3.1 Scheme I: P- Scheme
(a) Quenching rate constants
The first order observed rate constants are plotted
against oxidized protein concentration. Within experimental
errors, all Stern-volmer plots are linear (Figure 20) with
no evidence of binding and the bimolecular quenching rate
can be determined from the slope of such plot. The results
























The ionic strength dependence was found to be rather
weak as compared to the case of cytochrome c. For ZnTPPS
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Figure 20 Stern-Volmer plots of quenching of ZnTPPS(•),
ZnTPPC(), ZnTMPyP (A) and H2TMPyP (O) by
oxidized azurin( Cu). The ionic concentration
is 0.51 M.
strength increases from 0.01 M to 0.51 M (e.g., for ZnTPPC,
8 8-1-1
k decreases from 6.510 to 5.810 M sec). on the
q
other hand, for ZnTMPyP, k increases by a factor of 1.6.
q





























(b) Back reaction rate constants
+
The back reaction between reduced azurin and p is
again pseudo first order for the same reason as explained
previously for the case of cytochrome c. The rate constant
is independent of laser power which is consistent with
exponential decay. The linear dependence of the observed
rate constants on reduced protein concentration is shown in
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Figure 21 Plots of k versus[ Cu] for the oxidation of
reduced azurin( Cul) by ZnTPPS+(•), ZnTPPC+()
and ZnTMPyP+ (A). The ionic concentration is 0.51 M.
The ionic strength dependences of k is also rather
b
weak in agreement with the trend observed for the forward
reaction. For ZnTPPS and ZnTPPC, k vary by less than a
b
factor of 2 when the ionic strength increases from 0.01 M
to 0.51 M while for ZnTMPyP, k was more or less unchanged.
b





























3.3.2 Scheme II: P- Scheme
The electron transfer reaction is studied in the same
way as described previously for cytochrome c. A fraction of
reduced protein (approximately 30% of the total protein
concentration) was added to the sample to minimize the
effect of ferricyanide generated because of the redox
equilibrium() as described above. in all cases, the
III
amount of Fe is less than 8% of that of oxidized azurin.
It is noted that the reduced azurin do not have any effect
on the decay of the porphyrin anion radical (c.f.
cytochrome c). The dependence of the corrected first order
III
observed rate constants (corrected for the Fe reaction
only) on oxidized protein concentration is shown in Figure
22 and 23. All plots are linear, indicating no binding
within the concentration used in our experiments. The
bimolecular rate constants are further shown to be the rate
at which electron is transferred from p to oxidized azurin
by estimating the signal amplitude ratio, A A, in
625 700
the same way as in the case of cytochrome c with use of the
I II -1 -1
following data; A 6 (Cu -Cu)= 5700 M cm, AS (P -P)=
-1 -1















The signal at 625 nm also decays subsequently to
almost its baseline, as in the case of cytochrome c. We
I
again attribute this process to be the oxidation of Cu by
III
Fe. The reaction is pseudo-first-order and the rate
4 -1 -1
constant was found to be 2.8 10 M s, in excellent
4 -1 -1
agreement with the value of 2.7 10 M s obtained by
Wherland and Gray (1977).
As seen in the p- Scheme, ionic strength dependence







Figure 22 Plot of kQbs versus[ Cu] for the reduction
of oxidized azurin( Cu-) by ZnTPPS-. The ionic






Figure 23 Plot of k0|DS versus[ Cu] for the reduction
of oxidized azurin( Cu11) by ZnTPPC. The ionic
concentration is 0.51 M.
3.4 Horse heart myoglobin (Aquometmyoglobin)
3.4.1 Scheme I: p- Scheme
(a) Quenching rate constants
First order observed rate constants for various
porphyrins plotted against oxidized protein concentration
are shown in Figure 24. All plots are linear and no
evidence of binding is observed. The bimolecular quenching
rate constants determined from the slopes of such plot are

























The ionic strength dependence is very similar to that
of cytochrome c but is slightly weaker. For ZnTPPC and
ZnTPPS, the bimolecular rates decrease by about a factor of
3 as ionic strength increases from 0.01 M to 0.51 M while
for ZnTMPyP, k essentially remains unchanged. The very
q
different ionic dependences observed for the positively and
negatively charged porphyrins suggest that the electron
transfer may occur at different region of the protein
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Figure 24 Stern-Volmer plots of quenching of ZnTPPS(•),
ZnTPPC(), ZnTMPyP (A) and H2TMPyP (O) by









































We have also attempted to study the effect of ligands
on the electron transfer rates. This kind of study will
provide information on the dependence of electron tranfer
rate on the spin state of the iron. The observed rate
constants is plotted versus oxidized protein concentration
(Figure 25). The bimolecular rate for cyano-derivative
(s=l2 as compared to s=52 for aquometmyoglobin as
described above) is obtained from the slope of such a plot.
The results are summarized in Table 14. It is noted from
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Figure 25. Stern-Volmer plots of quenching of ZnTPPS(•) and
ZnTPPC() by cyanometmyoglobin. The ionic
concentration is 0.51 M.
(b) Back reaction rate constants
in order to achieve the pseudo first order condition,
the sample should be adjusted to contain some fraction of
reduced proteins. Reduced myoglobin in deoxy form can be
obtained without much difficulty at low temperature. This
is because the deoxy- oxy equilibrium will be favoured at
the deoxy form at low temperatures. With porphyrins added,
the situation becomes complicated. Under the same
condition, we obtained a large amount of oxidized species
instead of the reduced deoxy myoglobin. The reason is not
understood. in addition, a substantia! amount of protein
was found to undergo denaturation during the degassing
procedures, especially at high salt concentration. As a
result, we have not attempted to perform measurements on
the back electron transfer reaction.
3.4.2 P- Scheme
The electron transfer reaction is studied in the same
way as described above. However, by studying the signal
amplitude at various wavelengths, we do not have any
evidence for the photoreduction of protein by the porphyrin
8
anion radical. The observed quenching (with k= 3.7 10
-1 -1 8-1-1 q
M s for ZnTPPC and 3.5 10 M s for ZnTPPS at u
0.51 M) may be due to the interaction with side groups of
the protein in which the mechanism is not understood at




The electron transfer rates between the porphyrins and












where reaction (4-1), (4-2) and (4-3) correspond to
electron transfer from porphyrin triplet (p) to oxidized
+
protein (oxd), from porphyrin cation radical (p) to
reduced protein (red) and from porphyrin anion radical (P)
to oxidized protein, respectively. The rate constants k
b
and k observed for reaction (4-2) and (4-3) can be
r
assigned as electron transfer rate (k) without much
e
difficulty (see Chapter 3 section 3.1 for details).
However, for reaction (4-1), it is necessary to consider
energy-transfer as well as electron transfer pathways for
the quenching of the porphyrin triplet excited states.
Energy transfer quenching can proceed via dipolar and
exchange interactions. in the present case, dipolar energy
transfer is expected to be small, since the phosphorescent
-4
quantum yield of the porphyrin is extremely low( 10),
and this weak emission does not overlap with the oxidized
proteins' absorption spectrum(Kalyanasundaram and Neumann-
Spallart (1982)). Thus, energy transfer can only proceed
via the exchange mechanisms which are also shown to be
unimportant in some cases as follows. since the triplet
energy level of all the porphyrins studied are similar, the
energy contribution to the observed quenching rate
constants for all of them should be roughly the same. This
contribution can be estimated by considering the porphyrin
H TMPyp which has the lowest exothermicity among the
2
porphyrins used and hence the lowest quenching constant.
The quenching rate by energy transfer for all other
porphyrins cannot thus exceed this value. The results for













For cytochrome c, the quenching rate of H TMPyP is
2
more than an order of magnitude smaller than the k
q
observed for other porphyrins. For the case of myoglobin,
the situation is similar to that of cytochrome c. Electron
transfer quenching is therefore predominantly responsible
for the quenching processes in those cases.
The situation is slightly different for azurin. The
rather high k obtained for H TMPyP inferred that electron
transfer quenching contributes only about 80% to the
observed k for the three Zinc porphyrins. The electron
q
transfer quenching rates (k) can then be obtained simply
e
by subtracting the observed k for the three Zinc
q
porphyrins by that of obtained for H TMPyP (where we have
2
assumed a small k for H TMPyP because of the low
e 2
exothermicity). The corrected rates for azurin are













The corrected rates can be compared with the results
of Gray and coworkers obtained using electronically excited
chromium and ruthenium polypyridine complexes (Brunschwig
et al. 1985). Our results are found to be in good agreement
with theirs obtained in a similar AE range.
4.1 ionic strength dependence
All the reactions studied were found to be ionic
strength dependent, as a result of the electrostatic
interactions between the porphyrins and the proteins. While
k, k and k (refer to Equation (4-1), (4-2) and (4-3))
q b r
for each porphyrin exhibit the same ionic concentration
dependence in most cases, the various protein-porphyrin
systems, however, have different dependence as the net
charge of the proteins are different.
The k for cytochrome c-ZnTMPyP increases by a factor
q
of 4.2 and decreases by a factor of 5.5 for ZnTPPS and
ZnTPPC as the ionic strength increases from 0.01 M to 0.5
M. Similar dependences were observed for k and k. These
b r
results can be understood by noting that the charges of the
three porphyrins ZnTMPyP, ZnTPPS and ZnTPPC are 4+, 4- and
4- respectively, while that of cytochrome c is 6.5+
(Wherland Gray 1977). For the (ZnTMPyP(4+)- cytochrome
c(6.5+)) system, as ionic strength increases, the
electrostatic repulsion between the two species is reduced
because of charge screening effects, thereby leading to an
increase in the transfer rate. Similar considerations also
apply to the (ZnTPPS(4-)- cytochrome c) and (ZnTPPC(4-)-
cytochrome c) systems. The similar ionic dependences of k,
q
k and k for each Zinc porphyrin-cytochrome c indicate
b r
that the reacting pairs interact at the same site during
electron transfer.
For azurin, both k and k show a weak ionic strength
q b
dependence. The k for ZnTPPS and ZnTPPC differes by less
q
than 20% when ionic strength increases from 0.05 M to 0.5
M, while k differes by less than 60% for ZnTMPyP. This
q
weak dependence can be understood following the above
arguments for cytochrome c (charge screening effect) as the
blue copper protein has a small net charge of -1 (Holwerda
et al., 1980).
in the case of myoglobin, the dependence observed does
not agree with the trend expected for positively and
negatively charged porphyrins. While the k decrease by a
q
factor of 3 for the negatively charged ZnTPPS and ZnTPPC,
there is no ionic dependence observed for the positively
charged ZnTMPyP. It may be inferred that the two types of
porphyrins interact with the protein at different sites.
The observed k for ZnTMPyP thus only represent an upper
q
limit of the reaction (4-1) for this porphyrin. in other
words, if electron transfer does occur at the same site as
the negatively charged ZnTPPS and ZnTPPC, the rates
observed must be lower than the present one.
4.2 Electron transfer rates without electrostatic effects
In this work, one of the principal question to be
answered is how do the electron transfer rates depend on
the driving force of the reaction AE. In order to obtain a
genuine AE dependence of the transfer rates, it is
necessary to extrapolate our results to a condition in
which the electrostatic effects are negligible. This was
performed by determining the rate constants at infinite
ionic strength( k 00) in the same way as Meyer et al.
12.
(1984). in order to estimate k, Equation (4-4) was used;
12
where u is the ionic strength, a is a parameter
proportional to the product of the effective charges of the
reacting pair, b= 0.329 p, p is the radius of the
interaction domain of the reactants. The rate constants at
infinite ionic strength can then be determined from the
intercept of the plot of In k versus( exp( -bJu)) (1+b JTi).
12
For cytochrome c, we take p- 4.5% (Meyer et al.
1984) which jLs the value obtained for electron transfer
between a number of c-type cytochromes with
























The k thus obtained differ from k at 0.5 M by about 30
12 12
% .
In the case of azurin, as a result of its rather weak
dependence on salt concentrations, the k obtained at 0.5
12 oo
M ionic strength can then be equated with k without any
12





3.8* 102.0* 105.5* 10ZnTPPS
888
ZnTPPC 4.0* 101.7* 104.8* 10
88
4.6* 103.9* 10ZnTMPyP
For myoglobin, we also take = 4.5 X which can only
be regarded as a rough estimate. The koo obtained from
12
Equation (4-4) for ZnTPPS and ZnTPPC were found to be
different from k at 0.5 M by about 20%, as the ionic
12
strength dependence is weaker than that-of cytochrome c.
For ZnTMPyP, no correction was made because no ionic
dependence was observed. The corrected rate constanats are









4.3 AE dependence: A Marcus/ Hopfield treatment
in the following paragraphs, we shall discuss the
corrected rates (k ) in the context of the theories of
12
Marcus and Hopf ield. Taking into account the effect of
diffusion as the high rates obtained are expected to be
near the limit set for diffusion-controlled reactions, the
electron transfer rates kis given by (sutin (1979) and
Marcus (1960 (b)));
(4-5)
where k is the diffusion controlled limit, k is the
d m
maximum electron transfer rate and X is the
12
reorganization energy for the system.
For cytochrome c, the parameters obtained from the
9 -1-1
best fit to the data are k= 1.1 10 M s, k= 4.0
9-1-1 d m
10 M s, K= 1.09 ev. The transfer rates versus Aq,
12
together with the best fit of the data is shown in Figure
26. Note that the results for H TPPS and H TMPyP were not
2 2
used in the fitting because the free base porphyins may
have different molecular reorganization energy as that of
the zinc porphyrins. in addition, the ionic strength
dependence of H TPPS cannot be directly measured and thus
oo
its k cannot be directly obtained. The uncertainties for
12
the parameters are estimated as follows. Taking k as an
d
example, we obtain its maximum and minimum possible values
by adjusting k and X such that the predicted and
m 12
observed k00 will not deviate by more than 20% on the
12 8 -1 -1
average. In this way, we obtain: 9.110 Ms k
9-1-1 9 -1 -1
1.810 M s, 1.03 ev X 1.16 ev, 2.510 Ms
11 -1 -1 12
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Figure 26 Plot of second order rates (at infinite ionic strength)
versus the driving force for electron transfer
between cytochrome c and Zinc porphyrins. The solid
line denotes the theoretical curve derived from the
theories of Marcus and Hopfield with X19= 1.09 eV
Similar analysis as described above are also applied
to the azurin data. The parameters obtained from the best
8-1-1 9
fit to the data are; k= 6.010 M sec, k= 3.810
-1 -1 d m
M sec, X= 1.08 ev. The data together with the best
12
fit is shown in Figure 27. The uncertainties obtained for
8-1-1 8 -1 -1
the parameters are; 6.010 Ms k 7.110 M s,
9 -1 -1 9%
1.01 ev% 1.10 ev, 1.810 Ms k 4.010
-1 -1 12 m
M S
For myoglobin, as the ionic dependence of k for
q
ZnTMPyP is different from that for ZnTPPS and ZnTPPC, which
suggests a different interaction site during the transfer,
we cannot include the rate for ZnTMPyP in the fitting to
Equation (4-5). Consequently, there are not enough data for
us to perform the fitting as described above.
Nevertheless, the stronger dependence of the transfer rates
on A E (as compared to cytochrome c and azurin over the
same A E range) indicates that this system has a larger
reorganization energy. The results are summarized in Figure
28.
Finally, it should be noted that we have only used
AE, instead of free energy, A G, in our fitting. Our
assumption lies in the fact that there are no solvation
outside the inner coordination shell, then one would expect
A S 0 and A E(= AG+ T As) AG. If, however, there are
large changes in freedom of the rotation and liberation of
the solvent molecules, there can be large entropic effect.
















Figure 27 Plot of second order rates (at infinite ionic strength)
versus the driving force for the electron transfer
reactions between azurin and Zinc porphyrins. The solid
line denotes the theoretical curve derived from the
theories of Marcus and Hopfield with -12= 108 eV











Figure 28 Plot of second order rates (at infinite ionic strength)
versus the driving force for electron transfer









From the parameters obtained, the reorganization
energy of about 1.1 ev for the present cytochrome c-
porphyrin system can be compared with that of 0.7 ev
obtained in the study of intramolecular electron transfer
within the cytochrome c-cytochrome b complex by McLendon
5
and Miller (1985). Although the two systems are very
similar, a significantly higher is found for the cytc-
12
p system. part of the differences may be attributed to the
solvent reorganization term (Marcus (1979), Miller et al.
(1984)) which is expected to be larger for the free
porphyrin than for the buried heme in cytochrome b. On the
5
other hand, it is noted that the reorganization energy x
12
obtained is in good agreement with that obtained for the
rutheniumosmium-cytochrome c system (Cho et al. (1984)).
These agreements suggest that the porphyrins used have very
similar reorganization energy (and self-exchange rates) for
the self-exchange reaction as that of the rutheniumosmium
complexes. sing X= 1.09 ev for the cytochrome c-
12 2+3+
porphyrin system and taking X for Ru(bpy) self-
22
exchange reaction to be 0.53 ev (Siders and Marcus (1981)),
2+ 3+
the self reorganization energy X for the cyt-c cyt-c
11
self-exchange reaction;
can be estimated from the additivity rule of Marcus
(Marcus(1965)) to be 1.65 ev. Similar considerations can be
I II
applied to azurin and x for Cu Cu was found to be
11
1.63 ev.
The obtained for the three proteins are of
11
particular interest. While cytochrome c and azurin has
similar TV values, the j, is expected to be higher for
11. 11
myoglobin( 1.6 ev) in view of that its electron transfer
rates has a stronger A E dependence. This can be compared
with the reorganization energy obtained in the study of the
3+
(ZnP, Fe P) hybrid hemeglobin (Peterson-Kennedy et al.
(1986)), the reorganization energy of which for
12
intramolecular electron transfer between the two
3+
metalloporphyrins (ZnP and Fe p) has been determined to be
about 2.3 ev. The rather large differences found for the
two types of proteins may arise from the fact that
myoglobin hemeglobin has an intrinsically large
because it is designed for ligand binding but not to carry
out electron transfer function. Furthermore, the heme in
myoglobin must lose a water ligand upon reduction and this
rearrangement in the coordination environment may have a
substantial contribution to the reorganization term.
4.5 Maximum electron transfer rates
Concerning the maximum electron transfer rates (k),
m
it is seen that the k 's determined for the present
m
porphyrin-protein systems are very large. As will be seen
in the following paragraphs, the high k 's indicate a
m
common pathway of electron transfer for the three proteins.
Cytochrome c is probably the best characterised
metalloprotein. The heme group is wrapped in a hydrophobic
pocket and is covalently bonded to the protein by thioether
bridges. The iron atom is situated in the plane of the
porphyrin ring and is coordinated to His 18 and Met 80. An
important feature of the cytochrome structure is that an
edge of the porphyrin ring is located at the surface of the
molecule. The high k for cytochrome c thus leads to the
m
proposal that the electron transfer must proceed via the
exposed heme edge, so that the porphyrin and the heme come
into very close contact during the actual electron
transfer.
With the electron transfer rates and some structural
informations of cytochrome c at hand, we are now ready to
set up a limit for the electron transfer distance for the
other two proteins studied in this work. The relation
between the electron transfer distance and maximum transfer
rate can be estimated from the following equation;
(4-6)
The maximum electron transfer rate, k, corresponds to the
m
reaction which are essentially barrierless, i.e., the
exponential term in Equation (4-6) is unity and the rate
constant becomes;
(4-7)
where the proportional constant is the frequency factor and
-1
p) is estimated to be 1.2 X (Marcus and Sutin (1985)).
With d v 4.5 X (electron transfer distance for. cytochrome
c) (Meyer et al., 1984) increases to 6.5 X, the k s differ
m
by approximately an order of magnitude. Despite the fact
that the rate constants observed in the same A E range are
generally smaller than that of cytochrome c, a similar k
m
was found for azurin. For myoglobin, the observed rates are
+ 13 of cytochrome c's in the same E region. it is thus
seen that the distance involved during intermolecular
electron transfer from porphyrins to azurin and myoglobin
studied in this work must be less than 6.5 X.
For azurin, the copper atom is located near the
molecular surface but is buried 7.5 X inside the protein
in a hydrophobic environment inaccessible to solvent. There
is, however, one edge of a histidine ligand which is
accessible to the solvent (Farver and pecht (1981)). As
from the above calculation from which the electron transfer
distance is estimated to be quite small, it may be
concluded that electron transfer occurs via the histidine
1igand.
The results for myoglobin is particularly interesting
in the sense that this protein is not normally thought as
electron transfer protein. The heme group is located in a
hydrophobic pocket of the protein which extends to the
molecular surface. The polar edge of the heme group is
exposed at the surface. This is a relatively open structure
86
allowing 0, CO, NO, etc., to enter and coordinate to the
2
iron in myoglobin. The heme cervice can also bind small
organic molecules, e.g. cyclopropane. it is thus proposed
that this open structure may account for the rather high
rate constants obtained at 0.5 M ionic strength which are
less than an order of magnitude smaller than that of
cytochrome c. Similar findings have been reported by
Antonini (1965) in which they found that myoglobin was
oxidized by ferricyanide at comparable rates to cytochrome
c.
In summary, all the three proteins studied exhibit a
preferred site for intermolecular electron transfer with
the porphyrins, namely, at certain region of the protein
surface which is at a minimal distance to the electron
transfer site of the protein. Attacks on other portion of
the protein by the porphyrin do not lead to large
contribution to the transfer rates because of the strong
distance dependence. There can be a substantial rate
enhancement for those proteins which contain either exposed
heme groups accessible to solvent, e.g., cytochrome c and
myoglobin, or bridging ligand, eg., the histidine ligand of
azurin.' The above conclusions may be generalized to other
cases of intermolecular electron transfer between proteins
and small redox reagents, when the binding constant for the
reacting pair is small.
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